Introduction
============

Melatonin or *N*-acetyl-5-methoxytriptamine is the pineal hormone. It is of considerable interest due to its modulating role of a series of physiologic processes. The regulation of biological rhythms controlling the phase and amplitude of circadian rhythm and neuroendocrine processes is among the most important aspects that need to be highlighted.[@b1-ijn-11-1859] Moreover, melatonin is an antioxidant and free radical scavenger.[@b2-ijn-11-1859]

Melatonin is usually used in therapy for sleep disorders and jetlag. Other experimental studies have shown the effectiveness of melatonin in epilepsy, Parkinsonism, Alzheimer's disease, movement disorders, etc.[@b3-ijn-11-1859],[@b4-ijn-11-1859] Numerous analytical methods were reported for detection and quantification of melatonin, such as ultraviolet--visible (UV--vis) spectrophotometry, chemilumenescence, fluorometry, thin-layer chromatography, gas chromatography-mass spectrometry, and high-performance liquid chromatography.[@b5-ijn-11-1859]--[@b9-ijn-11-1859] Furthermore, melatonin is an antioxidant compound that can be analyzed with electrochemical methods.[@b10-ijn-11-1859] Voltammetric and amperometric methods were applied for the determination of melatonin using carbon paste electrodes, carbon disk electrode, carbon fiber microdisk electrode, etc.[@b11-ijn-11-1859]--[@b13-ijn-11-1859]

However, the electrochemical performance of carbon electrodes can be enhanced and/or extended by modifying their surfaces with various materials. One class of these materials are nanostructured carbonaceous materials, such as mesoporous carbon, carbon nanofibers, carbon nanotubes, and graphene.[@b14-ijn-11-1859] Graphene is a material used in various fields due to its unique structural, mechanical, and electronic properties.[@b15-ijn-11-1859] One important application of graphene is biosensing and electrochemistry.[@b16-ijn-11-1859]

The aims of this study are to develop a novel sensor based on graphene-coated carbon screen-printed electrode and to pursue an analytical procedure for determination of melatonin in pharmaceutical formulations. Commercial screen-printed carbon electrode was modified with graphene, chitosan solution being chosen for graphene dispersion in order to obtain an adhesive thin film.

Materials and methods
=====================

Chemicals and solutions
-----------------------

Stock solution (5×10^−4^ M) of melatonin (≥98% \[thin-layer chromatography\]; Sigma-Aldrich Co., St Louis, MO, USA) in absolute ethanol was freshly prepared and diluted as required. Graphene was purchased from Graphene Supermarket, Calverton, NY, USA (flakes of 8 nm height). K~4~\[Fe(CN)~6~\]⋅3H~2~O, KCl, Na~2~HPO~4~, NaH~2~PO~4~, CH~3~COOH, phosphoric acid, NaOH, and chitosan from shrimp shells were obtained from Sigma-Aldrich Co.

Supporting electrolytes used for electrochemical experiments were sodium phosphate buffer, 0.1 mol×L^−1^ Na~2~HPO~4~/NaH~2~PO~4~ (phosphate-buffered saline \[PBS\]), pH 7.0, and 0.2 mol×L^−1^ KCl.

All reagents used were of analytical grade. Aqueous solutions were prepared with ultrapure MilliQ water (resistivity of 18.2 MΩ cm) directly taken from a Simplicity^®^ ultrapurificator water system equipped with a UV lamp (EMD Millipore, Billerica, MA, USA).

Modification of commercial screen-printed electrode
---------------------------------------------------

Screen-printed carbon electrodes (4 mm in diameter) were purchased from Dropsens Ltd, Llanera, Asturias, Spain model 110, and further modified with graphene. Chitosan was dissolved in aqueous 1% CH~3~COOH solution, and then the pH was adjusted to 5.0 with 20% NaOH solution. Subsequently, graphene was added to the solution and sonicated for 1 hour to reach a homogeneous dispersion. In order to prepare the graphene-carbon screen-printed electrode (GPH-CSPE), 3 μL of aqueous graphene suspension was drop-coated uniformly onto the CSPE surface and left to dry in air. For the study of the influence of chitosan in sensor response, the CSPE was drop-coated with 3 μL of chitosan aqueous solution and left to dry in air.

Schematic design and components of sensitive layer are shown in [Figure 1](#f1-ijn-11-1859){ref-type="fig"}.

Graphene is suitable for sensing applications because it is nanostructured and it can improve the sensitivity of the sensor by increasing the number of electroactive centers on the surface and enhancing the rate of electron transfer. Chitosan has a good mechanical strength and adsorption properties. Therefore, the composite film of graphene and chitosan is expected to be highly efficient when used as sensitive material for detection of melatonin.

Electrochemical measurements
----------------------------

Voltammetric measurements (cyclic voltammetry and fixed-potential amperometry \[FPA\]) were carried out using a Biologic SP 150 (Bio-Logic Science Instruments SAS, Claix, France) potentiostat/galvanostat and controlled by EC-Lab Express software for Windows 7. All measurements were carried out using a three-electrode configuration. The working electrode consisted of carbon-graphene, and the counter electrode consisted of carbon with a pseudosilver/silver chloride reference electrode. All experiments were carried out under aerobic conditions at room temperature. The experimental setup is shown in [Figure 2](#f2-ijn-11-1859){ref-type="fig"}.

Pharmaceutical analysis
-----------------------

Applicability of the sensor was studied by analyzing commercial melatonin formulations. Three pharmaceutical samples Bio-Melatonina (Pharma Nord), Bien Dormir^®^ (SC Fiterman Pharma SA), and Melatonina (Cosmopharm) were purchased from local pharmacies.

The samples were dissolved in ethanol, and then the corresponding aliquot was mixed with 0.2 M phosphate-buffered solution. The final concentration of PBS was 0.1 mol×L^−1^. All pharmaceutical samples were analyzed in triplicate. All procedures and experimental protocols are in compliance with the European Communities Council Directive of 24 November 1986 (86/609/EEC).

Results and discussion
======================

Voltammetric characterization of graphene-based sensor
------------------------------------------------------

The voltammetric behavior of the screen-printed electrodes (SPEs) (unmodified and modified with GPH) was first studied in order to evaluate the electroactive surface area of the working electrode and to quantify the heterogeneous rate constant (*k*^0^) obtained from cyclic voltammetric curves.

The cyclic voltammograms of the SPEs in 0.1 mol×L^−1^ KCl aqueous solution and in 0.1 mol×L^−1^ PBS (pH =7.0) were recorded. None of the cyclic voltammograms presented peaks in the potential range considered (from −0.4 V to +0.7 V). The voltammetric curves showed low background currents related to capacitive effects appearing when SPEs were immersed in electrolyte solution.[@b17-ijn-11-1859] The background currents were similar for both C-SPE and GPH-SPE. No influence of the chitosan in the CSPE response was observed. Therefore, SPEs could be successfully used in the analysis of melatonin in different electrolytes and at different pHs.

For the evaluation of electroactive surface area of the working electrode among different common benchmark redox systems, K~4~\[Fe(CN)~6~\] was selected for its surface sensitive electrochemical response, especially for carbonaceous materials.[@b18-ijn-11-1859]

[Figure 3](#f3-ijn-11-1859){ref-type="fig"} depicts the voltammetric curves of the unmodified and modified sensor devices, in which varying electron transfer reactivities were observed.

Sharp and well-defined redox peaks were observed related to the \[Fe(CN)~6~\]^4−^/\[Fe(CN)~6~\]^3−^ redox pair present in solution in anodic and cathodic scans. The principal parameters obtained from cyclic voltammograms (CVs) and others calculated are summarized in [Table 1](#t1-ijn-11-1859){ref-type="table"}.

Half-wave potential (*E*~1/2~) is close to 0.2 V for both sensors. Δ*E*~p~ (peak-to-peak separation) values are much larger than expected for a one-electron transfer reversible reaction. *I*~c~/*I*~a~ ratio is close to 1.

The GPH-modified screen-printed electrode showed the highest degree of reversibility, the separation between the anodic and cathodic peaks being lower than that in the case of unmodified electrode, and the *I*~c~/*I*~a~ ratio was closest to the ideal value. No differences were observed between CSPE and CSPE coated with chitosan.

In order to estimate the real surface area of SPEs, cyclic voltammograms of screen-printed-based sensor responses were registered at different scan rates. [Figure 4](#f4-ijn-11-1859){ref-type="fig"} presents the CVs of GPH-SPE immersed in 10^−3^ mol×L^−1^ \[Fe(CN)~6~\]^4−^ and 0.2 M KCl registered at different scan rates (0.05--1.0 V s^−1^) and the dependency between the anodic peak current and square root of the scan rate.

A linear dependence was obtained between the anodic peak current and the square root of the scan rate, demonstrating that oxidation process of ferrocyanide at the sensor surface is diffusion controlled.

The voltammetric curves, as shown in [Figure 4](#f4-ijn-11-1859){ref-type="fig"}, were utilized for quantitative mathematical analysis to calculate several electrochemical parameters. The active electrode area of sensors was determined using the Randles--Sevcik equation for quasireversible electron transfer processes:[@b19-ijn-11-1859] $$I_{p} = \left( {2.65 \times 10^{5}} \right)n^{3/2}ACD^{1/2}v^{1/2}$$where *n* is the number of electrons exchanging in the redox process, *A* is the electrode area (cm^2^), *C* is the concentration of active molecule (mol cm^−3^), *D* is the diffusion coefficient (cm^2^ s^−1^), and *v* is the scan rate (V s^−1^).

The value of the real surface area of GPH-CSPE calculated was 0.8674 cm^2^. The electroactive surface area of the screen-printed electrodes was much larger than the geometrical electrode surface area (0.126 cm^2^). The roughness factor (electroactive surface area vs geometrical area ratio) was 6.88. This roughness factors could be related to the structure of graphene distributed on the surface of CSPE, which increased the large local rates of mass transport.[@b20-ijn-11-1859]

The heterogeneous rate constant, *k*^0^, was determined using the Nicholson method, where the working curves relate Δ*E*~p~ to a kinetic parameter (Ψ).[@b19-ijn-11-1859] The heterogeneous rate constant was calculated using the following equation: $$k^{0} = \Psi\left\lbrack {D_{O}\pi v\left( \frac{nF}{RT} \right)^{1/2}} \right\rbrack\left( \frac{D_{R}}{D_{O}} \right)^{\alpha/2}$$where Ψ refers to a kinetic parameter, *D~O~* is the diffusion coefficient for potassium ferricyanide (7.6×10^−6^ cm^2^ s^−1^), *D~R~* is the diffusion coefficient for potassium ferrocyanide (6.3×10^−6^ cm^2^ s^−1^), *α* is the transfer coefficient (0.5), *R* is the universal gas constant (V×C K^−1^ mol^−1^), *T* is the absolute temperature (K), *n* is the number of electrons transferred, and *F* is the Faraday constant (C mol^−1^).[@b21-ijn-11-1859]

The heterogeneous rate constant, *k*^0^, calculated was 5.4×10^−3^ cm^2^ s^−1^, indicating a rapid reaction at electrode surface.

Electrochemical response of graphene-based sensor toward melatonin
------------------------------------------------------------------

The electrochemical response of melatonin was examined at GPH-CSPE. The cyclic voltammograms registered using the sensors for melatonin solution (10^−4^ M in 0.1 M phosphate buffer, pH 7.0) are presented in [Figure 5](#f5-ijn-11-1859){ref-type="fig"}.

Two anodic peaks were observed and two reduction peaks, less defined, appeared on the reverse direction. The oxidation peaks appeared at 0.22 V and 0.80 V, respectively. The reduction peaks appeared at 0.12 V and 0.75 V, respectively. The peak-to-peak separation difference (Δ*E*) was larger than the theoretical value calculated for a totally reversible redox system transferring one electron. The processes at the graphene-based sensor surface are shown in [Figure 6](#f6-ijn-11-1859){ref-type="fig"}. These processes are in agreement with those reported in the literature for melatonin.[@b13-ijn-11-1859]

The response of unmodified sensor was similar as the peak potentials, but the peak currents were 50% lower than those in the case of GPH-modified sensors. The presence of GPH at the sensor surface significantly improves the sensitivity of the sensor by increasing the rate of electron transfer.

The effect of potential scan rate, *v*, on the electrochemical behavior of GPH-CSPE was examined. The cyclic voltammograms of GPH-CSPE in 10^−4^ M melatonin and 0.1 M phosphate buffer (pH 7.0) at different scan rates (from 0.050 V s^−1^ to 1.000 V s^−1^) were recorded (not shown). Along the studied range of scan rate, the peak currents of oxidation peaks were proportional to the scan rate, indicating a surface-controlled process.

The value of *α*×*n* (product of transfer coefficient and number of electrons transferred in the rate determining step) was calculated according to the equation: $E_{p} - E_{p/2} = - \frac{0.048}{\alpha n}$ at 25°C, where *E~p~*~/2~ is the half peak potential.[@b19-ijn-11-1859] Taking into account that *α*=0.5, the number of electrons exchanged in the rate determining step was equal to 1, highlighting the mechanism of oxidation process of melatonin.

Analytical procedure for quantitative determination of melatonin
----------------------------------------------------------------

The current of oxidation peak was found to increase when the concentration of melatonin was increased. The dependence between peak current and concentration of electroactive compound, melatonin, allows peak current measurements to be used for quantitative applications.

Besides CV, FPA was performed to study the GPH-based sensor response to melatonin since it is usually a more sensitive analytical method than CV and often more suitable for complex samples, such as pharmaceuticals.[@b22-ijn-11-1859]

The working potential was determined by scanning potential in the range from 0.5 V to 1.0 V with a step of 50 mV in 0.1 mol×L^−1^ PBS in the presence of 10^−4^ mol×L^−1^ melatonin ([Figure 7](#f7-ijn-11-1859){ref-type="fig"}).

The dependence from the data obtained, current vs potential, revealed that the optimal working potential for oxidation of melatonin is 0.8 V.

FPA measurements were carried out by applying 0.8 V to the sensor and measuring the current when the aliquot of melatonin was added in the support electrolyte (0.1 mol×L^−1^ PBS, pH 7.0) under continuous stirring. A well-defined oxidation current proportional to the concentration of melatonin was observed ([Figure 8](#f8-ijn-11-1859){ref-type="fig"}).

The response time to melatonin at the GPH-CSPE sensor was \~4 seconds at different melatonin concentrations. From the amperometric measurements, the calibration curve of GPH-based sensor was constructed ([Figure 9](#f9-ijn-11-1859){ref-type="fig"}).

As shown in the figure, a linear relationship between the peak currents and concentration of melatonin was obtained in the range of 1--300 μM. Above this concentration, loss of linearity was observed, and this was probably related to the adsorption of melatonin on the modified screen-printed electrode surface.

The limit of detection (LOD) and limit of quantification (LOQ) were calculated considering the linear range from the calibration curve using the following equations: $$\text{LOD} = \frac{3\sigma}{m}$$ $$\text{LOQ} = \frac{10\sigma}{m}$$

In these equations, *σ* is the standard deviation (SD) of the peak current (seven replicates) and *m* is the slope of the calibration curve (sensitivity). The sensitivity was 0.0371 A M^−1^. The LOD and LOQ values were calculated to be 0.87×10^−6^ M and 2.91×10^−6^ M, respectively. Low values of both LOD and LOQ confirmed the high sensitivity of the sensor developed.

Application of GPH-CSPE to detect melatonin in pharmaceutics
------------------------------------------------------------

The GPH-CSPE sensor was applied for the determination of melatonin in pharmaceutical products. Significantly improved sensitivity can be achieved by applying FPA for the determination of melatonin. The optimized procedure was successfully applied for the determination of melatonin in pharmaceuticals (Bio-Melatonina from Pharma Nord, Bien Dormir^®^ from SC Fiterman Pharma SA, and Melatonina from Cosmopharm). The FPA technique was applied to determine melatonin in commercial pharmaceutical products directly and using the standard addition method. The calculated values of melatonin in the samples determined from three measurements are summarized in [Table 2](#t2-ijn-11-1859){ref-type="table"}.

As shown in the table, the values obtained by using the sensor were very close to those indicated by the producer. Furthermore, low values of relative SD of the results were achieved.

Although the amount of melatonin in the pharmaceuticals was indicated by the producer, recovery studies were performed for Bien Dormir^®^ (SC Fiterman Pharma) sample and an average recovery of 100.22% was obtained ([Table 3](#t3-ijn-11-1859){ref-type="table"}).

The excellent percentage recovery and reduced values of relative SD of the results imply that the proposed method has a high sensitivity and could be applicable for the analysis of these pharmaceuticals and other similar formulation products containing melatonin.

Conclusion
==========

A sensor based on graphene-coated screen-printed carbon electrodes has been developed and applied to the detection and quantification of melatonin. The developed sensor exhibited excellent sensitivity for voltammetric and amperometric detection of melatonin. The appropriateness of the FPA method for quantification of melatonin content in pharmaceutical products has been demonstrated. Excellent sensitivity, low LOD, no necessity of separation, small amount of sample, and possibilities for analyzing melatonin in complex samples are important characteristics of the method based on graphene sensor.
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![Scheme of the sensor sensitive layer.](ijn-11-1859Fig1){#f1-ijn-11-1859}

![Experimental setup of the electrochemical measurements: electrochemical cell, potentiostat/galvanostat and personal computer.\
**Abbreviations:** RE, reference electrode; WE, working electrode; CE, counter electrode.](ijn-11-1859Fig2){#f2-ijn-11-1859}

![The voltammetric signals of CSPE (**A**) and GPH-CSPE (**B**) immersed in 10^−3^ mol×L^−1^ K~4~\[Fe(CN)~6~\] and 0.2 M KCl at 0.1 V s^−1^.\
**Abbreviations:** GPH-CSPE, graphene-carbon screen-printed electrode; CSPE, carbon screen-printed electrode.](ijn-11-1859Fig3){#f3-ijn-11-1859}

![(**A**) CVs of GPH-CSPE in 10^−3^ mol×L^−1^ K~4~\[Fe(CN)~6~\] and 0.2 M KCl registered at different scan rates (0.05--1.0 V s^−1^). (**B**) Plots of *I*~pa~ vs *v*^1/2^.\
**Abbreviations:** CV, cyclic voltammogram; GPH-CSPE, graphene-carbon screen-printed electrode.](ijn-11-1859Fig4){#f4-ijn-11-1859}

![Cyclic voltammogram of GPH-CSPE immersed in 10^−4^ mol×L^−1^ (support electrolyte was 0.1 M phosphate buffer, pH 7.0).\
**Abbreviation:** GPH-CSPE, graphene-carbon screen-printed electrode.](ijn-11-1859Fig5){#f5-ijn-11-1859}

![Electrochemical processes at the graphene based sensor surface.](ijn-11-1859Fig6){#f6-ijn-11-1859}

![Current--potential dependence.](ijn-11-1859Fig7){#f7-ijn-11-1859}

![Amperometric response of GPH-CSPE with various additions of melatonin to 0.1 mol L^−1^ PBS, pH 7.0 (5 μmol L^−1^, 10 μmol L^−1^, and 20 μmol L^−1^).\
**Abbreviations:** PBS, phosphate-buffered saline; GPH-CSPE, graphene-carbon screen-printed electrode.](ijn-11-1859Fig8){#f8-ijn-11-1859}

![The calibration curve between the current and melatonin concentration.](ijn-11-1859Fig9){#f9-ijn-11-1859}

###### 

Electrochemical parameters obtained from CVs of sensors toward 10^−3^ mol L^−1^ K~4~\[Fe(CN)~6~\] and 0.2 M KCl at 0.1 V s^−1^

  Sensor     *E*~pa~ (V)   *E*~pc~ (V)   *E*~1/2~ (V)   Δ*E*~p~ (V)   *I~a~* (µA)   *I~c~*(µA)   *I~c~*/*I~a~*
  ---------- ------------- ------------- -------------- ------------- ------------- ------------ ---------------
  CSPE       0.33          0.12          0.225          0.21          15            12           0.8
  GPH-CSPE   0.26          0.16          0.21           0.10          31            28           0.9

**Abbreviations:** *E*~pa~-potential of anodic peak; *E*~pc~-potential of catodic peak; *I*~a~-current of anodic peak; *I*~c~-current of cathodic peak; CV, cyclic voltammogram; GPH-CSPE, graphene-carbon screen-printed electrode; CSPE, carbon screen-printed electrode.

###### 

The melatonin amount values (mean of three replicates) calculated in pharmaceutical formulations by fixed-potential amperometry

  Sample                                   Melatonin-labeled value (mg)   Melatonin found value (mg)[a](#tfn2-ijn-11-1859){ref-type="table-fn"}   RSD (mg)
  ---------------------------------------- ------------------------------ ----------------------------------------------------------------------- ----------
  Bio-Melatonina (Pharma Nord)             3                              2.98                                                                    0.015
  Bien Dormir^®^ (SC Fiterman Pharma SA)   1.5                            1.53                                                                    0.011
  Melatonina (Cosmopharm)                  3                              3.05                                                                    0.014

**Notes:**

Mean of three replicates.

**Abbreviation:** RSD, relative standard deviation.

###### 

Melatonin recoveries using GPH-CSPE method

  Melatonin taken (mg)   Melatonin found (mg)   Recovery (%)   RSD (%)
  ---------------------- ---------------------- -------------- ---------
  1.50                   1.48                   98.66          1.24
  2.00                   2.05                   102.5          1.24
  2.50                   2.51                   100.4          1.24
  3.00                   2.98                   99.33          1.24

**Abbreviations:** RSD, relative standard deviation; GPH-CSPE, graphene-carbon screen-printed electrode.
